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a b s t r a c t
A multinational demersal longline survey was conducted on the Gulf of Mexico continental shelf over the
years 2015 and 2016 to generate a Gulf-wide baseline of polycyclic aromatic hydrocarbon (PAH) con-
centrations in demersal fishes. Tilefish (Lopholatilus chamaeleonticeps) were sampled in all regions of the
Gulf of Mexico for biometrics, bile, and liver. Tilefish liver was also obtained from surveys in the
northwest Atlantic Ocean for comparison. Liver tissues (n ¼ 305) were analyzed for PAHs and select
alkylated homologs using QuEChERS extractions and gas chromatography tandem mass spectrometry.
Bile samples (n ¼ 225) were analyzed for biliary PAH metabolites using high-performance liquid chro-
matography with fluorescence detection. Spatial comparisons indicate the highest levels of PAH exposure
and hepatic accumulation in the north central Gulf of Mexico, with decreasing concentrations moving
from the north central Gulf counterclockwise, and an increase on the Yucatan Shelf. Hepatic PAH con-
centrations were similar between the Gulf of Mexico and the northwest Atlantic, however, Tilefish from
the northwest Atlantic had higher concentrations and more frequent detection of carcinogenic high
molecular weight PAHs. Overall, results demonstrate that PAH pollution was ubiquitous within the study
regions, with recent exposure and hepatic accumulation observed in Tilefish from both the Gulf of
Mexico and northwest Atlantic.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The Gulf of Mexico (GoM) is the ninth largest and one of the
most economically and ecologically important semi-enclosed seas
in the world (Ward and Tunnel, 2017). The GoM’s natural resources
support coastal and ocean economies worth billions of dollars in
total economic productivity annually, primarily from oil and gas
revenues, commercial and recreational fisheries, shipping, and
tourism (Shepard et al., 2013). In order to sustain the productivity of
the GoM’s natural resources, and to be better prepared for the next
major submarine oil well blowout, many studies have emphasized
the criticality of periodic, broad-scale studies of environmental
baselines for pollution, and its impacts on biota.
Hydrocarbon pollution (e.g. polycyclic aromatic hydrocarbons,
PAHs) is of significant interest in the GoM due to numerous and
substantial anthropogenic and natural sources, including the oil
and gas industry, coastal runoff, riverine discharge, atmospheric
deposition, transportation activities, and natural oil seeps (National
Research Council, 2003; Kennicutt et al., 1988). PAHs are the class of
hydrocarbon pollutants with the greatest concern to fishes, due to
their bioavailability, toxicity, and persistence in the environment.
The hepatobiliary system in fishes efficiently metabolizes PAHs into
more polar molecules for elimination via the gastrointestinal tract,
therefore, PAHs rarely accumulate to high levels in tissue and
exposure is best quantified by biliary PAHmetabolites (Collier et al.,
2014). Accumulation of PAHs in tissues can occur if exposure is high
or chronic, and the individual’s biotransformation capacity is
overwhelmed.
In addition to the aforementioned chronic sources of hydro-
carbon pollution, the GoM experienced two major pulse events in
the past 40 years, which were two of the three largest marine oil
spills in the world by volume, the 2010 Deepwater Horizon (DWH)
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and the 1979 Ixtoc I (Powers et al., 2017). The DWH occurred in deep
water (~1500 m) in the northern GoM offshore of Louisiana, USA
(Fig. 1), and released an estimated 4.0 million barrels of crude oil
over 87 days (Lubchenco et al., 2012; United States of America v. BP
Exploration & Production, 2015). The Ixtoc I occurred in shallow
water (54m) in the southern GoMBay of Campeche, Mexico (Fig.1),
and released an estimated 3.4 million barrels of crude oil over nine
months (Jernelov and Linden, 1981; Soto et al., 2014). Signals from
these massive pulses of hydrocarbon pollution can still be seen in
sediment cores today (Lincoln et al., 2020; Schwing et al., 2020). As
both events were submarine blowouts, the full spectrum of marine
ecosystems were impacted, from the deep-sea benthos, through
thewater column, surfacewaters and shorelines (Beyer et al., 2016).
Assessments of impacts of pollution on fishes are facilitated
greatly with the collection of periodic, broad spatial-scale baselines
on levels and health indices. However, as was the case for the Exxon
Valdez and Ixtoc I oil spills that proceeded DWH, scientists lacked
necessary baseline data to assess impacts, leading to considerable
challenges and limited ability to discern incremental changes in
pollution uptake and effect post-DWH (Lewis and Ricker, 2020;
Pulster et al., 2020; Soto et al., 2014).
Initiated in the aftermath of DWH, a multinational Gulf-wide
survey of continental shelf demersal fishes was conducted to ac-
quire baseline information on species composition and abundance,
population dynamics, health indices, and contaminant levels
(Murawski et al., 2018; Pulster et al., 2020). Herein, we report
spatial contrasts in PAH exposure and hepatic accumulation in one
GoM demersal fish, Tilefish (Lopholatilus chamaeleonticeps), caught
from five large regions of the GoM, with a comparison to Tilefish
caught as an “outgroup” from the northwest Atlantic Ocean (Fig. 1).
Tilefish were used as a target species for this study due to their
Gulf-wide distribution and relatively high levels of exposure to
PAHs, which we hypothesize to be due to their burrow-forming
lifestyle and diet comprised of benthic organisms (Snyder et al.,
2019; Snyder et al., 2015). In addition, Snyder et al. (2019) identi-
fied substantial increases in PAH exposure coincident with declines
in health indices in Tilefish from the north central GoM over years
2012e2017, therefore, continued monitoring of this species is
necessary as it is commercially and ecologically important.
2. Materials and methods
2.1. Fish collection- Gulf of Mexico
We undertook a series of multinational fisheries-independent
demersal longline surveys on the GoM continental shelf 2011 to
2017 onboard the R/V Weatherbird II. Herein, we selected samples
from the years of 2015 and 2016 to best make spatial comparisons
and minimize the confounding effect of temporal variation.
Tilefish were caught in five regions in the GoM (Fig. 1, Table 1)
from three surveys in the summers of 2015 and 2016. At each sta-
tion, five miles of monofilament main line with an average of 459
evenly-spaced #13/0 circle hooks were set for an average soak time
of 2 h. Bait alternated between Atlantic Mackerel (Scomber scom-
bus) and Humbolt squid (Dosidicus gigas) wings. Detailed longline
survey methods are provided in Murawski et al. (2018).
Tilefish were caught at consistent depths between regions,
ranging from 163 to 591 m, with a mean of 280 m. Once landed,
Tilefish were processed immediately or placed on ice briefly until
sampling. Tilefish were measured for lengths (standard, fork, total),
and total weight. A subset of Tilefish were sacrificed and sub-
sampled for tissues (Table 1). Organ (liver, gastrointestinal, gonad)
Fig. 1. Map of the 49 stations where Tilefish were sampled in the Gulf of Mexico (GoM), and northwest Atlantic Ocean. Sampling area is divided into six regions: NA ¼ northwest
Atlantic; NC ¼ north central GoM; NW ¼ northwest GoM; SW ¼ southwest GoM; BC ¼ Bay of Campeche; YS ¼ Yucatan Shelf. Legend denotes sampling year.
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weights were recorded. Sex was determined visually (macroscop-
ically) during dissection as male, female, or unknown as described
in McBride et al. (2013). Bile, if present, was collected by draining
the contents of the gallbladder into a combusted amber vial. The
liver was collected in a combusted amber jar. Bile and liver samples
were frozen immediately and stored at 20 C.
2.2. Fish collection- Northwest Atlantic ocean
Tilefish were collected from two fisheries-independent surveys
onboard the F/V Sea Capture between July and August 2017 in the
mid-Atlantic Bight, from Georges Bank to Cape Hatteras (Fig. 1),
from depths ranging between 80 and 303 m (Frisk et al., 2018).
Demersal longlines consisted of a one-nautical mile 417-kg-test
steel cablemain line equippedwith 150 evenly spaced hooks baited
with squid. Hook size alternated between 8/0, 12/0, and 14/0 circle
hooks in a 20:60:20 ratio.
Tilefish were measured for total length and weight, and sex was
identified visually (macroscopically) during dissection as male, fe-
male, or unknown according to McBride et al. (2013). Liver samples
were collected from a subset of individuals (Table 1), stored in
cryovials at 20 C, and transferred to the University of South
Florida for analysis.
2.3. Analysis of biliary PAH metabolites via HPLC-F
Tilefish bile samples were analyzed using a standard semi-
quantitative high performance liquid chromatography with fluo-
rescence detection (HPLC-F) method (Krahn et al., 1986; Krahn
et al., 1984). Detailed analytical and quality assurance methods
can be found in Snyder et al. (2015). Biliary PAHs were quantified
for naphthalene (NPH) and benzo[a]pyrene (BaP) metabolite
equivalents and reported to two significant figures in units of mg
FACs g1 bile. Total biliary PAH metabolites is the sum of NPH and
BaP metabolite equivalents.
2.4. Analysis of hepatic PAHs and alkylated homologs via GC-MS/
MS
A modified QuEChERS method was used to extract PAHs and
alkylated homologs (n ¼ 46 analytes) from Tilefish liver tissue.
Detailed information on QuEChERS methods, gas chromatography
tandem mass spectrometry (GC-MS/MS) operating parameters,
target analytes, and quality assurance protocols are provided in
Snyder et al. (2019). Performance of procedural and solvent blanks,
post-extraction standard, and surrogate standard recoveries in the
certified reference material (NIST SRM, 1974c; 82 ± 9%), matrix
spikes (84 ± 5%), and samples (81 ± 11%) all met the QA criteria
established in NOAA (2012).
Analyte concentrations were reported to three significant fig-
ures in units of ng g1 wet weight (w.w.). Sum total of the 46
analytes is reported as TPAH46. Sum of low molecular weight
(LMW) PAHs is comprised of two and three ring analytes. Sum of
highmolecular weight (HMW) PAHs is comprised of four to six ring
analytes.
2.5. Analysis of % liver lipid
Lipid extractions were performed following PAH extractions if
the liver sample had sufficient mass for both. Total lipid was
extracted from liver tissue with a modified Folch method described
in Snyder et al. (2019). Total lipid was quantified gravimetrically
and reported as % liver lipid.
2.6. Statistical analyses
Data were binned a priori into regions of the north central,
northwest, and southwest GoM, Bay of Campeche, Yucatan Shelf,
and northwest Atlantic (Fig. 1). Hypothesis testing focused on
regional differences between variables. Associations between var-
iables both within each region, and for all regions combined, were
also examined.
Statistical analyses were performed using MATLAB R2017a and
the Fathom Toolbox for Matlab (Jones, 2017). All hypothesis tests
generated permutation-based p-values from 1000 iterations, and
test statistics were evaluated at a ¼ 0.05. Permutation-based or
randomization methods were chosen as a solution to the statistical
problems often encountered in biological studies (e.g. small sample
size, unbalanced data, non-normal distribution) (Manly, 1997;
Potvin and Roff, 1993). Relationships between continuous data
were evaluated with a Pearson’s correlation, or a regression. Dif-
ferences in mean between groups were evaluated using a modified
permutational multivariate analysis of variance (PERMANOVA),
which allows for accurate quantification of p-values when
between-group dispersions are heterogeneous (Anderson et al.,
2017). Post-hoc pairwise tests followed a significant modified
PERMANOVA. A Holms-adjusted p-value was used if more than ten
pair-wise comparisons were tested to reduce type-I error from
multiple comparisons, otherwise the unadjusted p-value was
assessed. Canonical analysis of principal coordinates (CAP) was
used to visualize the significant difference in PAH concentration
and composition by region. The difference in sex ratio by region
was evaluated with a Chi-square test of independence.
Proxy fish health indices of Fulton’s condition factor (K) and
hepatosomatic index (HSI) were calculated as follows:
Table 1
Collection and sample data for Tilefish from the six geographic regions of the study.
Region Collection year Collection month n (stations) n (bile) n (liver) Total length (cm)a Sex ratio (M:F:U)b
North central 2015 August 10 56 63 67 ± 15 6:44:13
Northwest 2016 September 6 50 60 64 ± 15 21:28:12
Southwest 2016 August 4 38 33 62 ± 11 10:19:13
Bay of Campeche 2015
2016
Comb.c
September
August
7 26
26
52
26
21
47
61 ± 15
58 ± 15
60 ± 15
4:14:8
5:16:6
9:30:14
Yucatan shelf 2015
2016
Comb.c
September
August
6 15
14
29
17
15
32
67 ± 13
67 ± 11
67 ± 12
3:11:3
5:9:2
8:20:5
Northwest Atlantic 2017 JulyeAugust 16 0 70 51 ± 15 28:36:6
a Mean ± one standard deviation.
b M:F:U ¼ Male:Female:Unknown sex.
c Comb. ¼ combined years.
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K ¼ total body weight ðkgÞ
total length ðcmÞ3
 100 and
HSI ¼ liver weight ðkgÞ
total body weight ðkgÞ  100:
Graduated symbols maps were created in ArcMap 10.5.1 using
the Jenks Natural Breaks method to create concentration groupings
specific to each mapped dataset.
3. Results
3.1. Biometric data and health indices
Over 300 Tilefish from 49 stations between the six geographic
regions 2015 to 2017 were assessed in this study (Table 1). The sex
ratio was not significantly different between regions. Mean total
length (TL) differed significantly by region (Table 1, F ¼ 11.4,
p ¼ 0.001) and sex (F ¼ 27.3, p ¼ 0.001). GoM Tilefish (64 cm) were
significantly larger compared to northwest Atlantic Tilefish (51 cm).
Male Tilefish (71 cm) were significantly larger than females
(59 cm), and unknowns (55 cm). Females were also significantly
larger than unknowns. Mean total weight (2.91 kg) was not
significantly different by region.
Mean Fulton’s condition factor (K) differed significantly by re-
gion (SI Fig. 1, F ¼ 29.2, p ¼ 0.001) and sex (F ¼ 4.48, p ¼ 0.008).
Within the GoM, mean K was highest on the Yucatan Shelf and
north central regions. Tilefish from the GoM (1.01) had significantly
lower mean K compared to the northwest Atlantic (1.23). Males
(1.09), and females (1.06) had significantly higher K compared to
Tilefish of unknown sex (1.01). Mean K was not significantly
different between male and female Tilefish.
A total of 228 GoM Tilefish sampled had sufficient liver tissue
mass for lipid extraction. Mean % liver lipid differed significantly by
region (SI Fig. 2; F ¼ 21.5, p ¼ 0.001) with north central Tilefish
having significantly lower % liver lipid (10.7) compared to all other
GoM regions (15.8). Mean % liver lipid was not significantly
different by sex, nor correlated with TL.
3.2. Hepatic PAHs and alkylated homologs
A total of 305 Tilefish liver samples from the six regions were
analyzed for PAHs and alkylated homologs (Table 1). No association
between % liver lipid and liver TPAH46 was observed, therefore,
TPAH46 data were not lipid normalized for data analysis (Hebert
and Keenleyside, 1995).
Mean liver TPAH46 concentrations differed significantly by re-
gion (Fig. 2, F ¼ 2.86, p ¼ 0.016). Within the GoM, liver TPAH46
concentrations (ng g1 w.w.; mean ± SD) were: north central
(1020 ± 564), northwest (901 ± 434), Yucatan Shelf (847 ± 716),
southwest (631 ± 369), and Bay of Campeche (718 ± 428). Within
the GoM, a general pattern in liver TPAH46 concentrations was
apparent-highest concentrations were observed in the north cen-
tral region, with decreasing concentrations counterclockwise
around the GoM, followed by an increase from the Bay of Campeche
eastward on to the Yucatan Shelf (Fig. 3). Mean liver TPAH46 con-
centrations were not significantly different between Tilefish from
the GoM and the northwestern Atlantic (1020 ± 1080).
In all regions, liver PAH composition was dominated (>99% of
TPAH46) by LMW PAHs. Liver PAH concentration and composition
differed significantly by region as identified by a modified PER-
MANOVA (F ¼ 15.8, p ¼ 0.001), and CAP (trace statistic ¼ 1.99,
p ¼ 0.001). CAP ordination (SI Fig. 3) revealed three groups: (1)
north central, northwest, and southwest GoM, (2) Bay of Campeche,
and Yucatan Shelf, (3) northwest Atlantic. CAP results indicate
minor differences in the concentration and composition of LMW
PAHs by group, but noteworthy differences in HMW PAHs, with the
northwest Atlantic Tilefish being defined by 10/12 HMW PAHs
analyzed (benzo[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, indeno
[1,2,3-c,d]pyrene, dibenzo[a,h]anthracene, benzo[g,h,i]perylene),
which is also seen in liver PAH profile comparisons (Fig. 4).
The SHMW liver PAHs differed significantly by region (SI Table 1,
F ¼ 6.13, p ¼ 0.001) with northwest Atlantic Tilefish (13.4 ± 31.5 ng
g1 w.w.) having 31% higher concentrations compared to all GoM
regions (8.44 ± 8.10 ng g1 w.w.). HMW PAHs were detected in 63%
of Tilefish from the northwest Atlantic, compared to only 5.6% of
individuals from the GoM (SI Table 1).
Liver TPAH46 correlated with TL for the northwest GoM
(r ¼ 0.278, p ¼ 0.031), and Bay of Campeche (r ¼ 0.343, p ¼ 0.016),
but not for the other regions nor all data combined. Liver TPAH46
concentration (ng g1 w.w.) differed significantly by sex for all re-
gions combined (F ¼ 6.48, p ¼ 0.002), with both males (857 ± 576),
and females (980 ± 805) having higher concentrations compared to
Tilefish of unknown sex (666 ± 398). Liver TPAH46 correlated
negatively with HSI for all regions combined (SI Fig. 4, r ¼ 0.226,
p ¼ 0.002), and for the northwest (r ¼ 0.308, p ¼ 0.012), and
Yucatan Shelf (r¼0.3917, p¼ 0.031). No correlation between liver
TPAH46 and K was observed.
3.3. Biliary PAH metabolites
A total of 225 Tilefish bile samples from the five regions of the
GoM were analyzed for PAH metabolites of NPH and BaP (Table 1).
Total biliary PAH metabolites were dominated by NPH metabolites
(~99.9%) which were consistently three orders of magnitude higher
in concentration than BaP metabolite equivalents.
Mean total biliary PAH metabolite concentration differed
significantly by region (Fig. 5, F ¼ 19.5, p ¼ 0.001). Total biliary PAH
metabolite concentrations (mg FACs g1; mean ± SD) were signifi-
cantly higher in the north central GoM (470 ± 400) compared to all
other regions of the GoM: northwest (270 ± 160), Yucatan Shelf
(260 ± 180), southwest (160 ± 130), and Bay of Campeche
(140 ± 110). Within the GoM, a general pattern in total biliary PAH
metabolite concentrations was apparent-highest concentrations
were observed in the north central region, with decreasing
Fig. 2. Total liver PAH (TPAH46) concentrations for Tilefish by region (NC ¼ north
central; NW ¼ northwest; SW ¼ southwest; BC ¼ Bay of Campeche; YS ¼ Yucatan
Shelf; NA ¼ northwest Atlantic). Sample size (n) noted by region. Letters (ABC) denote
significantly different regions at a ¼ 0.05. Solid line ¼ median; dotted line ¼ mean.
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concentrations counterclockwise around the GoM, followed by an
increase from the Bay of Campeche eastward on to the Yucatan
Shelf (Fig. 6). Results for mean biliary NPH metabolites mirrored
those for total biliary PAHmetabolites. Mean biliary BaP metabolite
concentration was not significantly different by region
(210 ± 430 ng FACs g1).
Total biliary PAH metabolites correlated with TL for all data
combined (r ¼ 0.214, p ¼ 0.001), and in the Bay of Campeche
(r¼ 0.604, p¼ 0.001). Total biliary PAHmetabolites correlated with
K for all regions combined (SI Fig. 5, r ¼ 0.272, p ¼ 0.001), the north
central (r ¼ 0.432, p ¼ 0.003), and the Bay of Campeche (r ¼ 0.301,
p ¼ 0.035). No significant association between total biliary PAH
metabolites and sex, % liver lipid, nor HSI was observed.
Total biliary PAHmetabolites correlated with liver TPAH46 for all
regions combined (Fig. 7, R2 ¼ 3.72%, p ¼ 0.025), the southwest
(R2 ¼ 45.9%, p ¼ 0.001), and the Bay of Campeche (R2 ¼ 25.7%,
p ¼ 0.001).
4. Discussion
4.1. Spatial patterns in GoM tilefish biometrics and health indices
Within the GoM, significant regional differences in Fulton’s
condition factor (K), and % liver lipid were observed. Fulton’s con-
dition factor (K), is a commonmetric used as a proxy of relative fish
health, with higher values indicating a healthier individual and/or
population (Blackwell et al., 2000). Fish condition may be affected
by numerous variables including sex, reproductive state, season,
prey availability, water temperature, and stressors (Blackwell et al.,
2000). Sex and reproductive state of Tilefish is difficult to deter-
mine by visual inspection due to their sequential protogynous
hermaphrodite reproductive strategy and prolonged spawning
season, and data should thus be interpreted with caution. There
was no difference in sex ratio between regions, therefore, sex
should not be driving any regional variability. Mean bottom tem-
perature (13.2 ± 2.04 C) also did not differ between GoM regions.
Spawning season of GoM Tilefish is January through June, therefore
all GoM Tilefish sampled herein are presumed to be in a post-
spawning state (Lombardi-Carlson, 2012). There appears to be a
positive relationship between Tilefish K and regional primary
productivity, where the regions with the highest K (north central
GoM, Yucatan Shelf) have higher primary production compared to
the regions with lower K (northwest, southwest, Bay of Campeche)
(Benway and Coble, 2014).
Snyder et al. (2019) studied Tilefish from the north central re-
gion of the GoM from 2012 to 2017 and found a significant negative
correlation between biliary PAH metabolites and K, accompanied
by a 178% increase in biliary PAHmetabolites and a 22% decrease in
K over the study period. Their results are independent of the results
herein as the two studies are examining different datasets (e.g.
individuals and regions), and hypotheses.
Tilefish from the north central had 32% less liver lipid compared
to all other regions of the GoM. Snyder et al. (2019) found a 53%
decrease in % liver lipid in north central GoM Tilefish over the years
2012e2017. Although unexplained by the other variables measured
herein, the significantly lower % liver lipid in north central GoM
Tilefish is important as the main role of lipids in fish is storage and
supply of energy for growth, reproduction, and daily activities
(Tocher, 2003). Together, these results demonstrate a need for
further research into GoM Tilefish health.
Fig. 3. Graduated symbols map of total liver PAH (TPAH46) for Gulf of Mexico Tilefish sampled 2015 to 2016 by region (NC ¼ north central; NW ¼ northwest; SW ¼ southwest; BC ¼
Bay of Campeche; YS ¼ Yucatan Shelf).
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4.2. Spatial patterns in GoM tilefish PAH exposure and hepatic
accumulation
Within the GoM, both PAH exposure and hepatic accumulation
were dominated by LMW PAHs and corresponding alkylated ho-
mologs, indicating the primary source of hydrocarbon pollution is
petrogenic. The distribution of PAHs in a sample can be used to
distinguish petrogenic from pyrogenic sources, with petrogenic
PAHs characterized by a dominance of LMW PAHs and a bell-
shaped distribution profile of the unsubstituted PAH and its cor-
responding alkylated homologs. In contrast, pyrogenic PAHs are
characterized by a dominance of HMW PAHs and a dominance of
unsubstituted PAHs over their corresponding alkylated homologs.
Both characteristics of a petrogenic source were seen in samples
from GoM Tilefish, suggesting the predominant source of hydro-
carbon pollution in the GoM that demersal fishes are exposed to is
petrogenic, with minimal pyrogenic inputs. However, LMW PAHs
have higher bioavailability compared to HMW compounds, due to
lower hydrophobicity, thus less sorption to environmental organic
carbon, potentially contributing to the dominance of LMW PAHs
measured in Tilefish tissues (Meador et al., 1995).
Within the GoM, there were similar spatial patterns in PAH
exposure and hepatic accumulation. Total biliary PAH metabolites
and liver TPAH46 concentrations were significantly correlated,
which is consistent with the model that elevated exposure leads to
increased accumulation in target tissues if biotransformation ca-
pacity is exceeded (Meador et al., 1995).
Spatial patterns in PAH exposure and hepatic accumulation
likely reflect the magnitude and number of sources of PAHs by
region as associations with regional biometrics were insignificant
or weak. The north central and northwest regions of the GoM both
Fig. 4. Liver PAH profiles for Tilefish sampled in the north central Gulf of Mexico (GoM; n ¼ 63), and the northwest Atlantic (n ¼ 70). Alkylated homologs are plotted underneath
their respective parent PAH.
Fig. 5. Total biliary PAH metabolites for Gulf of Mexico Tilefish sampled 2015 to 2016
by region (NC ¼ north central; NW ¼ northwest; SW ¼ southwest; BC ¼ Bay of
Campeche; YS ¼ Yucatan Shelf). Sample size (n) noted by region. Letters (ABC) denote
significantly different regions at a ¼ 0.05. Solid line ¼ median; dotted line ¼ mean.
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have significant sources of PAH pollution emanating from large
coastal cities, seaports and shipping traffic, dense offshore oil
infrastructure, associated refineries petrochemical plants, oil sup-
ply and services bases, transportation traffic, and pipelines, natural
oil seeps, large riverine inputs, and coastal erosion (Botello et al.,
1997; National Research Council, 2003; MacDonald et al., 2015;
Mitra and Bianchi, 2003; Murawski et al., 2020; Santschi et al.,
2001; Yanez-Arancibia and Day, 2004). The Bay of Campeche
region also has numerous sources of PAH pollution, including most
of Mexico’s offshore oil industry, major petrochemical complexes
and refineries, ship traffic, natural oil seeps, and riverine inputs (e.g.
Usumacinta/Grijalva River system) (Botello et al., 1997; MacDonald
et al., 2015; Ruiz-Fernandez et al., 2016; Scholz-Bottcher et al.,
2008; Soto et al., 2014; Yanez-Arancibia and Day, 2004). The
Coatzacoalcos River, Mexico’s third largest river discharge, also
empties into the Bay of Campeche, supporting Mexico’s oldest re-
finery, several petrochemical complexes, and has been polluted
with PAHs since the 1950s (Ruiz-Fernandez et al., 2016). It is
noteworthy that PAH exposure and hepatic accumulation in Tilefish
is significantly lower in the Bay of Campeche compared to the north
central, and northwest GoM, even though all three regions have
extensive sources of PAHs. However, within the Bay of Campeche
liver TPAH46 concentrations are higher in the eastern sites closer to
mature oil fields. Gold-Bouchot et al. (1997) reported a similar
spatial pattern in PAH concentrations in oysters (Crassostrea vir-
ginica) from the Bay of Campeche compared to the northern GoM.
Both PAH exposure and hepatic accumulation correlated with
Tilefish total length in the Bay of Campeche, therefore, it is possible
that physiological mechanisms may be a controlling factor in the
region.
Relatively low PAH exposure and hepatic accumulation in the
southwest region of the GoM was anticipated, as this region has
minimal natural oil seepage and offshore oil infrastructure, and the
regional river systems are not noted for hydrocarbon pollution
(MacDonald et al., 2015; Murawski et al., 2020; Yanez-Arancibia
et al., 2008). The increase in PAH exposure and hepatic accumula-
tion in Tilefish on the Yucatan Shelf was surprising as this region is
a carbonate shelf spatially removed from the Mexican oil industry,
major river discharges, andmost natural oil seeps. Potential sources
Fig. 6. Graduated symbols map of mean total biliary PAH metabolites for Gulf of Mexico Tilefish sampled 2015 to 2016 by region (NC ¼ north central; NW ¼ northwest;
SW ¼ southwest; BC ¼ Bay of Campeche; YS ¼ Yucatan Shelf).
Fig. 7. Total liver PAHs (TPAH46) versus total biliary PAH metabolite equivalents for
Tilefish sampled in the Gulf of Mexico (GoM) 2015 to 2016. Regressions are significant
at a ¼ 0.05. Dotted lines represent the 95% confidence intervals on the solid regression
line.
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of PAH pollution to the Yucatan Shelf include discharges from
seaports, shipping traffic, urban runoff, submarine groundwater
discharges, atmospheric deposition, and deep-water seeps (Kuk-
Dzul et al., 2012; MacDonald et al., 2015; Metcalfe et al., 2011).
Due to the distance from shore of our Yucatan Shelf sampling sta-
tions, it is likely the PAH pollution is introduced from the Caribbean
by the Yucatan Current, and by oil tanker traffic via the Yucatan
Channel as trade lanes trace the outer Yucatan Shelf (Botello et al.,
1997; Yanez-Arancibia et al., 2008). In addition, MacDonald et al.
(2015) identified a small number of natural seep zones in deep
water (>3500 m) offshore of the Yucatan Shelf. However, finger-
printing studies on GoM seep-derived oil determined that their
signature is highly localized and GoM Tilefish studied herein are
not in close proximity (>10 km) to known natural seeps (Stout et al.,
2016).
Gulf-wide surveys of PAHs in other demersal continental shelf
species (e.g. snappers, groupers, hakes) show similar spatial pat-
terns as Tilefish, noting “hot spots” near major shipping ports and
lanes, and rivers (Pulster et al., 2019; Pulster et al., 2020). Com-
parisons of levels of biliary NPH metabolites indicate GoM Tilefish
as having the highest levels compared to all studies with compa-
rable methods, which is notable as Tilefish are sampled offshore on
the continental shelf, edge, and slope, and most previous studies
are of inshore, or coastal species (Pulster et al., 2019; Pulster et al.,
2020; Snyder et al., 2019; Snyder et al., 2015). While biliary NPH
metabolite levels are relatively high in GoM Tilefish, liver TPAH46
concentrations are similar in magnitude to other GoM demersal
fishes.
4.3. Comparison of GoM and northwest Atlantic Tilefish
There were significant biometric differences between Tilefish
caught in the GoM and the northwest Atlantic Ocean. Tilefish
caught in the northwest Atlantic had a significantly smaller mean
TL compared to Tilefish caught in the GoM, possibly related to
smaller hook sizes used in the north Atlantic surveys (see methods
2.1 and 2.2).
Fulton’s condition factor (K) was significantly higher in Tilefish
from the northwestern Atlantic compared to Tilefish from the GoM.
Mean bottom temperature was not different between the GoM and
northwest Atlantic stations. Primary productivity is also compara-
ble between the two regions (Gregg et al., 2003). North Atlantic
spawning season is similar or longer than in the GoM, potentially
extending into November, therefore, the K of northwest Atlantic
Tilefish sampled herein may be impacted by individual spawning
state, confounding the comparison in Tilefish K between the north
Atlantic and GoM.
There was not a significant difference in mean liver TPAH46
concentrations between Tilefish from the GoM and the northwest
Atlantic. However, northwest Atlantic Tilefish had 31% higher he-
patic HMW PAHs concentrations compared to GoM Tilefish, and
HMWPAHswere detected in 63% of individuals compared to ~5% in
the GoM. This is an important result as it is the HMW PAHs that are
known carcinogens to fish (Myers et al., 2003). Elevated hepatic
accumulation of HMW PAHs in northwest Atlantic Tilefish is
consistent with higher levels of pyrogenic inputs in the region.
Sources of PAHs to the northwest Atlantic region are mainly from
consumption of petroleum (e.g. land-based and river runoff, at-
mospheric deposition) and transportation activities, which would
input a combination of both HMW pyrogenic and LMW petrogenic
PAHs. In contrast to the main sources to the GoM, where extraction
activities and natural seeps are more significant players inputting
mainly LMW petrogenic PAHs (National Research Council, 2003).
Steimle et al. (1990) reports substantially lower liver PAH
concentrations in Tilefish sampled in 1980 and 1981 from Hudson
and Lydonia Canyons in the northwest Atlantic (12.8 and
26.0 ng g1 dry weight respectively), with fluoranthene being the
highest PAH detected. However, these studies report concentra-
tions in different units (dry vs. wet weight). Using a rough unit
conversion factor (3x) generated by their study, liver PAH concen-
trations from Tilefish sampled in the northwest Atlantic in 2017
remain substantially higher, however, it is best that conversion
factors for tissues be calculated on an individual level. Either way,
this result may be indicative of substantial increases in PAH expo-
sure to northwest Atlantic Tilefish over time. Herein, the northwest
Atlantic Tilefish were used as a non-GoM outgroup, however,
further analysis should be undertaken to understand spatial vari-
ability, drivers, and health impacts of PAH accumulation in the
region.
5. Conclusions
The results reported herein represent an extensive dataset on
Gulf-wide PAH levels in a commercially, and ecologically important
demersal fish. PAH pollution was found to be ubiquitous, with
exposure and hepatic accumulation in demersal fishes from both
the GoM and northwest Atlantic, however, concentrations varied
significantly by region. Within the GoM, the highest levels of PAH
exposure and accumulation in Tilefish were in the north central
region, and the lowest were in the southwest and Bay of Campeche
regions. The high concentrations in the north central GoM are likely
related to the numerous and substantial sources in the region,
including the 2010 Deepwater Horizon blowout. The GoM and
northwest Atlantic Tilefish had similar levels of hepatic PAH accu-
mulation, though Tilefish from the northwest Atlantic had signifi-
cantly higher concentrations and detection frequency of
carcinogenic HMW PAHs compared to Tilefish from the GoM,
warranting further evaluation of northwest Atlantic populations.
As the GoM supports both productive offshore oil and fishing
industries, there is a critical need for large-scale baselines of PAH
pollution and the impacts on marine resources. These baselines
have been largely absent following major oil spills hindering as-
sessments of impact and recovery. The expansive baseline data
provided herein will serve as a reference for future GoM oil
development activities particularly for undeveloped areas and
areas under current moratorium.
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